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One of the problems in the application  of materials to 
nuclear pressure vessel technology is the development and 
utilization of higher strength reactor vessel steels.  Although 
the ASME Boiler and Pressure Vessel Code permits the use of 
the high strength materials in reactor vessels, the fracture 
control procedures currently in use were developed for the 
lower strength (345 MPa (50 Ksi) yield) materials now in 
service.  These procedures utilize the lower bound fracture 
toughness reference (K „) curves.  Regulatory agencies will 
IK 
not permit the use of the higher strength (62 1 MPa (90 Ksi) 
yield materials until a fracture toughness data base has been 
sufficiently developed to enable verification of the K  con- 
IR 
cept with the new materials.  This program attempted to iden-' 
tify promising combinations of strength and toughness for 
several forging materials typical of heavy section practice, 
and to compare their fracture toughness values with the 
existing KTR curve 
The static fracture toughness responses of ASTM A508 
Class 2A and Class 4 materials were determined as functions of 
temperature over the range -129°C to 100°C (-200°F to 212°F) ' 
and compared to the ASTM A508 Class 2 material.  Fracture 
toughness was characterized both by linear elastic and gen- 
eral yielding approaches to fracture.  Since crack opening 
1 
displacement and the J integral are directly related to some 
critical displacement A  (i.e-r^ initiation of crack extension), 
a thorough exploration of the various methods to determine 
crack initiation was conducted.  These methods included the 
twin gauge technique, unloading compliance, and direct examina- 
tion of crack extension. 
The fracture toughness of all three materials increased 
with increasing 'temperature up to about 165 MPa (150 Ksi/In). 
These values lay above the appropriate KTT> curve at that 
temperature and conformed to the anticipated fracture toughness 
behavior.  As temperatures increased further there was no ap- 
parent increase in toughness for any of the three materials and, 
as a consequence, they are below the appropriate KTD curve at IK 
these temperatures.  This observation was considered a conse- 
quence of measuring the fracture toughness at the initiation 
of crack extension in contrast to the methods of linear elastic 
methods which tolerate up to 2%  stable crack growth prior to 
failure.  All three materials are considered suitable for nuclear 
service, and ASTM A508 Class 4 is c-onsidered suitable for further 
development as a high strength reactor forging material. 
Direct examination of crack extension and unloading compli- 
ance, were determined to be, respectively, the least ambiguous 
and most promising crack extension detection methods. 
INTRODUCTION 
One of the primary considerations in any design-material 
selection problem is the relationship between materia1 strength 
and design stress level.  The use of a stronger material might 
permit a reduction in section thickness resulting in possible 
material savings or fabrication cost reductions.  Material 
strength however is only one consideration.  In the case of a 
nuclear reactor pressure vessel toughness is also a primary 
concern.  The hazards associated with a significant  fracture 
in one of these vessels are sufficiently great that avoiding one 
is a design requirement.  Since material strength and toughness 
are quite intimately (but not always reliably) interrelated, 
investigation into the possible use of a higher strength mate- 
rial requires a parallel investigation into the toughness 
characteristics of these materials. 
Concern over nuclear reactor pressure vessel materials 
currently in use has given rise to several research programs 
aimed at evaluating the fracture toughness characteristics and 
material variations typical of heavy section plate and forging 
materials.  Many of these programs, such as the Heavy Section 
Steel Technology Program, Industry Cooperative Program, and the 
ElectriccPower Research Institute Program, all aimed at evalu- 
ating vessel reliability, are in large part complete, having 
studied among other things the static fracture toughness, K  , 
J.L* 
the dynamic fracture toughness, K _, and the crack arrest 
*■ fracture toughness, K  , of materials such as ASTM A533 Grade &-■-■ ■LA 
Class 1 and ASTM A508 Class 2.  The lower bound of these data, 
plotted as a function of temperature and normalized to each 
material's nil ductility transition temperature (NDTT,  deter- 
mined by the drop weight test to characterize the ductile to 
brittle transition in ferritic materials) has been termed the 
K  curve  and is shown in Figure 1.  Note that each steel 
IK 
will be indexed  to the  K  curve depending on its individual 
NDTT.  The KT_ concept has been incorporated into the design and IR 
fracture control requirements (set forth in Sections III and IX 
2 
of the ASME Boiler and Pr-essure Vessel Code ) as a very conserv- 
ative representation of the fracture toughness of those reactor 
vessel materials with a nominal (minimum) yield stress of up to 
345 MPa (50 Ksi) . 
Modifications to alloy chemistry and heat treatments have 
enabled steel producers in recent years to manufacture materials 
in heavy sections at increased strength levels  which are attrac- 
tive to the pressure vessel industry.  For.example, the nominal 
yield strength level for ASTM A508 Class 2 may be increased from 
345 MPa (50 Ksi) to that of ASTM A508 Class 2a, 448 MPa (65 Ksi). 
Alternatively ASTM A508 Class 4 (586 MPa (85 Ksi)) might be 
selected. Although the use of these materials in nuclear reactor 
vessels is permitted by the ASME Code, there is no extensive 
fracture toughness data base from which suitable design criteria, 
such as the KTD concept, may be proposed or adapted for use with IR 
"'■ i 
these higher strength materials. 
4 
The Pressure Vessel Research Committee (PVRC) of the Welding 
Research Council is vitally concerned about the void of information 
relating to the toughness of these high strength materials.  Con- 
sequently this program was initiated with PVRC funding to investi- 
gate the static fracture toughness response of the several higher 
strength forging materials mentioned above over a limited temper- 
ature range (-129° to +100°C  (-200° to+212°F)) so that promising 
combinations of strength and toughness might be identified for 
further  more comprehensive study in conjunction with other agen- 
cies.  The relatively high toughness to strength ratios expected 
of these materials in the above temperature range would require 
excessively large specimens if the program were limited to only 
the methods of linear elastic fracture mechanics (LEFM) to eval- 
uate these materials.  Thus a secondary objective of this program 
was to utilize the recent advancements in general yielding fracture 
mechanics (GYFM), namely crack opening displacement (COD) and the 
J integral, to characterize the fracture toughness of these 
materials . 
To this point the reader has been given a general overview 
of the problem at hand and the goals of this study.  In the next 
section the author will present information required to fully 
understand the experimental procedures and to interpret the 
results obtained from them.   
BACKGROUND 
Transition Temperature Approaches to Fracture 
Until about ten years ago transition temperature approaches 
to fracture were the only available methods to evaluate material 
toughness.  Two such tests relevant to this study are the Charpy 
V-notch impact test (ASTM E23) and the dropweight test (ASTME208). 
These tests are primarily qualitative in nature, and the test 
results are not readily usable in design computations.  Despite 
these drawbacks an experienced engineer could use them to make 
sound evaluations of material behavior in service.  The transition 
temperature approaches to fracture are generally simple and eco- 
nomical to conduct.  This fact, in conjunction with the extensive 
amounts of data collected by these approaches to date, is a strong 
inducement to the continued use of these tests.  In fact the two 
tests specifically mentioned above are the basis for the material 
acceptance standards for nuclear pressure vessel components set 
1 2 forth in Section III of the ASME Code. '■ 
Linear Elastic Fracture Mechanics (LEFM) 
Considerable effort  over the last twenty-five years has 
brought the concepts of LEFM to the point of general acceptance 
as a fracture criterion.  Consider the edge crack of length a in 
a plate of thickness B under a nominal section stress o  shown in 
Figure 2,  The crack will extend when conditions at the. crack Lip  
reach a critical state.  This state is characterized by a parameter 
called the stress intensity, K, which is a function of flaw geome- 
etry, component geometry and nominal stress, When the stress in- 
tensity reaches a critical value, K   (a material property), 
failure by rapid crack extension results.  An assumption inherent 
to the stress intensity analysis is that the plastic zone at the 
crack tip, caused by the stress singularity, must be small as 
compared to the component dimensions in question.  A standard 
method of test for the plane-strain fracture*toughness (K  ) of 
metallic materials (ASTM E399) was adopted in 1972. 
3 
Irwin  has estimated, as a first approximation, that the 
plastic zone of a straight crack front in plane stress is a 






where K is the stress intensity and a     is the uniaxial yield 
y 
strength.     If   the  specimen   is   in  plane-strain,   a     is   elevated 
b^ a  factor   of about /3~ and r     is   reduced   to: 
To make  a valid  determination  of K      by  the standard  method, 
JL LJ 
r must be less than about 2% of the specimen thickness, B, 
at failure.  Expressed in another form: *~" 
2 
B and a > 2.5 f -^pj ".        (3) 
y 
where  a   is   the  crack   le.ngth   of  the  specimen.     Equation   (3)  has 
-far—rea~ch~in"g consequences  as^^  totRe r us efu~Ih.es s" of  plane  strain 
fracture  tougiiness   testing for  the  materials   of   interest   in  this 
program. 
7 
Upon examination of Equation (3) it is noted that valid 
fracture toughness measurements can be made with conveniently 
small test specimens (less than about 50 mm (2 in)) only when 
the fracture toughness to yield strength ratio is less than 
about .9.  Thus for materials with a yield strength of about 
483 MPa (70 Ksi) the maximum toughness measurable for a 50 mm 
(2 in) thick specimen is about 69 MPa/iii (63 Ksi/Tn).  From a 
range of toughness values anticipated for the nuclear vessel 
materials from Figure I,   it is clear that valid KTP values may 
only be available below about -20°C (0°F). 
Due to the simplicity and applicability of LEFM, it would 
be desirable to be able to apply this approach beyond the strict 
limits imposed by Equation (3).  Several approximations have 
been proposed which will permit the estimation of K  from K 
(a critical value of stress intensity which does not meet the 
plane strain requirements of ASTM E399, and which is not inde- *- 
pendent of a particular specimen size or configuration).  K 
can be computed from the maximum load (when only limited plas- 
ticity is observed) in a similar fashion as K  except that the 
J.L* 
crack length, a,   is replaced with an effective crack length, 
aeff 
a ..= a + r (4) 
eff       y   
"wheref r~ can "be  given by either Equation   (1)   ori(2)   depending 
on  the  degree  of  deviation  from the  plane-strain condition. 
The  use  of Equation  (2)  will   give   the   lower   (more  conservative) 
8 
K.,  as   it   results   in  a   smaller  a   ,r,   which   in  turn   implies   a C err 
3 lower  K value   at   the   same   load.     Irwin     has   proposed   that  K 
may  be  estimated   from K    by  successive   approximations  with  the 
expression: '  I'A 
KC2=KIC2   (1+1.4   PIC2) (5) 
where R       is   defined  by  the  expression 
\        .y/ 
This   estimation   is   considered  reasonably  accurate  as   long  as 
fl    < n-and   fl       <  1 ( flpis'  analogous   to^for  Kc  rather  than KIC   ) 
The  concepts   of  LEFM  represent  a   great   improvement   over 
transition  temperature   approaches   in  terms   of  usefulness   in 
design  problems   and  predictions   of  continued   suitability  for 
service.     Unfortunately  for  the   problem at  hand  very   large 
section specimens   (not  necessarily representative   of  service 
conditions,   i.e.,   too  thick)-at  an  exorbitant  cost  would  be 
required   to  characterize  nuclear   pressure   vessel  component 
materials   over   the  range   of  service   temperatures. 
General Yielding  Fracture  Mechanics   (GYFM) 
Clearly   it   is   desirable   to   develop  a   fracture   criteria 
that   is   tolerant  of  at   least   some   plasticity  to  enable  the 
correlation  of   large   scale  behavior  with  conveniently  small 
j 
_L£SJL :s pec ime-ns^. - -Two such -promts i-ftg- -e F-i-fre-rta—ar e  the  concepts . 
of   crack opening  displacement  and   the  J-integral. 
Crack Opening Displacement 
Crack opening displacement/ 6, may be defined as the dis- 
placement of the crack surfaces at the crack tip accommodated 
4 
by yielding ahead of the crack.   It has been shown by several 
methods that the crack driving force, G, is related to 6 before * 
general yielding by the relation: 
G = n a     5 (7) 
y 
where n is the plastic stress intensification factor which is 
about 1 for plane stress and about 2 for plane strain.  G is also 
related to K through the expressions:       j 
2    E 




K = E G/(plane stress) (8b) 
Thus the existence of a critical value of "K or G for a material 
implies.the existence of a critical value of crack opening dis- 
.■ > 
placement, 6.,.  Test procedures for the evaluation of 6_ have 
n developed and may be found in the British Standards Insti- 
tution DD-19.   This proposed standard method estimates 6p from 
a critical clip gauge displacement, A_, corresponding to the 
initiation of crack growth during a fracture toughness test, and 
the specimen dimensions.  This method assumes that the specimen 
Reforms by a plastic hinge mechanism with a constant rotation 
factor of about .45 (i.e., the specimen appears to rotate about 
a point about midway in the remaining ligament).  The test pro- 
1-0 
cedure was developed to interface as closely as possible to   - » 
ASTM E399 procedures and requirements.  Although BST-DD-19 is 
written for three point bend specimens the method is adaptable 
to compact tension specimens by using the appropriate values 
for T   (a non-dimensional displacement parameter) found in 
reference 5 in the expression for 6 . 
Although the COD approach has been widely used in the 
United Kingdom, the method has several limitations.  Firstly 
there appears to be both an upper and lower limit to the ap- 
plicability of COD testing.  To date the COD approach has 
generally been applied to plane stress situations beyond 
general yielding, where 5 has been found to be proportional 
to the clip gauge displacement, A.  The attainment of general 
yielding could then be considered a lower limit for COD testing 
leaving a region in "limbo" between the upper limits of LEFM 
and this lower limit of the COD approach. , If this lower limit 
were disregarded and the specimen approached the condition of 
plane strain, the selection of the value for n in Equation (7) 
becomes significant and an additional source of error.  The 
upper limit of COD testing is the attainment of a maximum load 
associated with plastic instability, inasmuch as this is due to 
ductile tearing.  This commonly occurs prior to the attainment 
of maximum load,  especially with the materials of interest in 
this program.  Secondly as plasticity effects increase, the 
stress analysis in the vicinity of the crack tip. upon which the 
11 
g 
COD  model   is   based  becomes   more  uncertain.       Finally,   the   COD 
approach   is   dependent  upon the  ability  of  the  experimenter  to 
consistantly  detect   the   initiation   of  ductile   tearing  to  select 
Ap which   is   required   to  compute   br■     This   difficulty will  be 
discussed   in a   later  section. 
J  Integral 
The  J  integral,   the  path   independent   line   integral  proposed 
by Rice  as  a  fracture  criteria,   is   able   to  circumvent   plasticity 
effects   since   it may be  computed  accurately along  a  path   far 
removed  from  the  plastic   zone  near  the   crack  tip.     The  J   integral 
may be   interpreted  as   the   energy available   for   crack  extension, 
G,   in  the   linear  elastic   case   or when   irreversible   deformations 
are  negligible.     In  the   problem of general  elastic-plastic  fail- 
ures,   J   loses   this   physical  significance  but   is   still  useful  as 
8 
an energy comparison.       Since  G  is   related   to K by Equations   (8a) 
and   (8b),   a  critical value   of K  implies  a  critical  value   of  J 
which  could  be   a useful  failure   criteria.      Preliminary  experi- 
8 
mental work by Begley and  Landes     indicates   that  the  J-integral 
is,   in  fact,   useful  as   a   fracture   criterion. 
Before   two methods   of  computing  the   J-integral  are  described 
8 
several   important   limitations  imposed upon J should be  mentioned. 
Firstly due   to  the  two  dimensional  definition of  J by  Rice,   J  is 
applicable  only  to problems   of  plane  strain  or generalized  plane 
stress.     Preliminary  results   '   '        indicate   that  a  specimen  thick- 
ness   requirement,   similar   to Equation   (3),   may be   imposed 
12 
Jic B > a -^ (9) 
y 
where 25 < a <  50.  Secondly unloading due to stable crack 
growth will tend to make the deformation theory of plasticity an 
unrealistic approximation of conditions within the specimen. 
This restriction can be avoided by computing J at the initiation 
of ductile tearing (crack growth). 
8 
Multiple Specimen Technique for the Determination of J 
The J integral may also he interpreted as the potential 
energy difference between identically loaded configurations of 
cracked material having neighboring crack sizes a and a + da. 
This is shown schematically in Figure 3a and may be written: 
j^zmm (10) 
where a is the crack length and U/B is the "pseudo potential 
energy" (area under a load-load point deflection curve) normal- 
ized per unit thickness.  This process of computing J   is 
depicted in Figures 3b-3d.  From experimental curves, Figure 3b, 
of load P vs load line displacement (A) for several crack sizes, 
the areas under each curve up to several specified values of A 
are measured and normalized with respect to specimen thickness. 
These data are utilized to construct a family of U/B vs a curves 
as shown in Figure 3c.  Equation (9) may be graphically evaluated 
-b-y-t-a-king—th-e s loper of" each curve in Figure 3c at each crack 
length, and then constructing the family of J vs A curves shown 
13 
in Figure 3d.  To evaluate the critical values of J (JTr) 
Figure 3d would be entered with the critical displacements (A ) 
\j   - 
and the corresponding values of J  are determined. 
Xv_< 
This method has several limitations.  It requires many 
specimens (a minimum of three) to form the family of curves 
shown in Figure 3c definitively.  The fewer specimens used in 
the construction of these curves the greater the expected error 
in the graphical evaluation of Equation 9.  Some consistancy 
with a limited number of specimens can be obtained by assuming 
that these curves are straight lines.   A second order correct 
estimation of the slope, and thus JT„, would result if J 
were evaluated at an intermediate crack length from data handled 
in this manner.  The second limitation is that once again a 
critical displacement is required before J  can be determined. 
Single Specimen Techniques for the Determination of J 
In an attempt to save on testing costs by reducing the 
number of specimens required to evaluate Jrr,   there has been a 
considerable effort to develop an estimation procedure suitable 
12 for use with a single specimen.  Rice et al.   have developed 
the following expression for J using a deeply notched (a/w > .6) 
bend type specimen, such as a compact tension or three point 
bend specimen: 
J
  Bb k  ; 
where A is the area under-the load-load line displacement curve 
14 
up to the displacement of interest, ,B is the specimen thickness, 
and b is the length of the uncracked ligament.  The requirement 
that the. specimen be deeply notched is to insure that the plas- 
ticity is confined to the uncracked ligament.  As before with 
other general yielding approaches to fracture, all that is 
required to evaluate the fracture toughness of the specimen is 
to obtain the displacement corresponding to the initiation of 
stable crack growth.  When Equation (11) is applied to compact 
tension specimens, the resulting values of J   tend to be con- 
sistently lower than those values obtained by the multiple 
specimen technique. 
14 Merkle and Corten   have attributed the above discrepancy 
to the effect of the axial force present in the compact tension 
specimen, and have proposed a single specimen estimation expres- 
sion to compensate for this effect.  Adopting notation consistant 
with that used in this paper, the expression can be written: 
H A + 71  (P A  - A) J=
~ 1^ <I2> 
where  P     is   the  critical   load,  A    is   the  critical   load   line   dis- 
placement,   Tj     is  a  d imens ion less   real  energy  coefficient,   and   Tj 
is   a dimensionless   complimentary  energy  coefficient.     It  is   inter- 
esting  to note   that Equation"(12)   gives  a  result   similar  to  that 
of   the  equivalent   energy approach   proposed  by Witt  and  Mager. 
Additionally Equation   (12)   is  not  restricted  to deeply notched 
specimens  which results   in a convenient   interface  with  the 
15 
relative crack length requirements of ASTM E399. 
Detection of Stable Crack Growth 
As has been mentioned above, the crux of determining the 
fracture toughness of materials by either the COD or J integral 
approaches is the determination of the displacement corresponding 
to the initiation of stable crack growth.  This has proved to be 
no mean task. 
Various methods have been proposed by many different investi- 
gators with varying degrees of success . As yet , no one technique 
been singled out as being particularly effective as measured by 
the following criteria.  A proposed method must measure up to 
three requirements to be a generally suitable procedure: 
1. Sensitivity - ability to detect the initiation of 
stable crack growth to within about .1 mm (.004 in). 
2. Reproducibility - such that different laboratories 
achieve consistent results. 
3. Simplicity and Cost - so that many laboratories can 
both afford and successfully use the method. 
Four methods of interest to this program are described below, 
but will be compared to the above requirements in a later section. 
Maximum Load 
The attainment of maximum load would normally have been the 
obvious, convenient choice of a crack growth criterion.  In fact 
it is the best choice when the specimen behaves in a linearly 
elastic fashion or very nearly so, .shown schematically as Type I 
16 ' 
in Figure 4.  If the specimen has any appreciable plasticity 
(Type II in Figure 4), despite the occurrence of a rapid frac- 
ture, stable crack growth may or may not have occurred to a 
significant degree.  When the materials of interest to this 
program exhibit a load-displacement curve of Type III in Figure 
4, as would be expected for relatively small test specimens at 
or above room temperature, extensive stable crack growth usually 
* occurs prior to the attainment of maximum load.  BSI DD19 permits 
the use of the maximum load criterion in the presence of a plastic 
instability only when the initiation of stable crack growth cannot 
for some reason be determined by other means, and then only for 
material comparison purposes. 
Twin Gauge Technique 
Veerman and Muller   conducted a study of the hinge point 
movement in a bend type specimen during the course of a fracture 
toughness test by measuring the displacement of the crack surfaces 
at two distances from the crack tip.  Geometrical considerations 
of a hinge mechanism implies that the output of these two gauges 
would remain constant so long as the hinge point (or apparent 
center of specimen bending) remains stationary.  Veerman and Mul- 
ler 's experimental results confirmed these expectations.  They 
found that plotting one clip gauge output vs. the other resulted 
in a short linear segment up to general yielding in the specimen, 
and a second linear segment up to the initiation of ductile 
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tearing.     The   location of  the  second   inflection should   identify 
This approach was used by Sugino and Pense   with some suc- 
cess.  In this case the displacement at the specimen face (meas- 
ured by a clip gauge) was compared with the load point displace- 
ment by plotting the former vs. time while conducting the test 
with a constant crosshead speed.  Additional work is needed to 
test the inherent assumptions of test fixture rigidity and cross- 
head speed constancy for this to be a useful method. 
Unloading Compliance 
The compliance of a fracture toughness test specimen is 
relatively sensitive to crack length (theoretical predictions of 
compliance as a function of crack length have been made by Gross 
et al.  ).  Clarke et al.   have proposed the utilization of this 
fact as a means of detecting stable crack growth.  If the speci- 
men is unloaded (<107o of the calculated limit load) periodically 
(as shown in Figure 5a) and the unloading compliance determined, 
a marked change in compliance should signal the initiation of 
ductile tearing.  They have used the expression: 
b AC /10N Aa = j (13) 
*  
uave 
where Aa is the change in crack length, AC is the change in 
compliance, and C   is the average compliance of the cracked 
ave 
specimen prior to crack growth.  To detect the amount of crack 
extension with a sensitivity of about .025 -mm (.001 in) 
in a 38 mm (1.5 in) compact tension specimen with a relative 
crack length (a/w) = .7 requires the ability to determine changes 
in compliance on the order of* .5%, which is not a trivial measure' 
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ment.  A PDP8 computer was used by Clarke et al.   in addition 
to an X-Y recorder to aid in the data acquisition and processing. 
Direct Examination of Crack Extension 
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Landes and Begley  have suggested that direct observation 
of crack extension be used in conjunction with Equation (10) to 
determine the measurement point for J  .  A series of four to 
six specimens (with "identical crack lengths") would be loaded 
to increasing displacements A., A,, A~ etc. as shown in Figure 
6a.  Crack extension, Aa, would then be determined by heat tinting 
the unloaded specimens, fracturing them at low temperature, and 
making a direct measurement of crack growth.  J could then be 
computed for each specimen by Equation (10) and plotted versus 
Aa as is shown in Figure 6b.  Landes and Begley argue that the 
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J vs , Aa' curve should have a specific form.    If a specimen is 
loaded to a limited extent, the crack tip will form a stretch 
zone without material separation.  Specimens in this domain are 
expected to fall on the line 
J = 2 fff Aa c   (14) 
where ac  = (a + a . )/2.  Any deviation from this line would f   s  y ulty      J 
then be due to material separation, or stable crack growth. 
The deviation would be expected to be concave upwards due to J 
over estimation effects at large values of Aa.  Other investi- 
17,19 gators have   observed  J vs.  Aa  curves   of  slightly different 
shapes,  but  all  of   the  variations   of   the  curve have  a deviation 
in some   form from an   initial,   linear  segment.     The   intersection 
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of the two segments of the J vs. Aa curve represents the initiation 
of stable crack growth and the measurement point for JTr-« 
Summary 
In this section the reader has been given a brief intro- 
duction into the concepts of LEFM, COD, J-integral, and to the 
methods of detecting stable crack growth.  It is important to 
keep in mind the fact that fracture toughness values determined 
by either of the general yielding fracture criteria are directly 
dependent upon the determination of Ar (the displacement at the 
initiation of stable crack growth).  Previous experience has 
shown that the different methods for determining A can be quite 
invd&red and still yield ambiguous results.  It is for this reason 
that the author has devoted considerable space for the discussion 
of the varied methods and procedures. 
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TEST PROGRAM AND MATERIALS 
Test Program" 
It was envisioned that the testing program should make two 
fracture toughness comparisons among the aforementioned forging 
materials.  In one instance materials of similar or identical 
chemical composition (ASTM A508 Class 2 and Class 2A) would be 
compared over a range of temperatures at two different strength 
levels.  In the second instance materials of differing chemical 
compositions (ASTM A508 Class 2A and Class 4) would be compared 
at the same strength level.  The effect of a post weld heat treat- 
ment (PWHT) would be determined for each material at room temper- 
ature.  In addition to the above, each of the three materials 
plus ASTM A508 Class 4 PWHT would undergo a general characteri- 
zation of the microstructures, tensile properties, and impact 
properties to provide a framework which might aid in the inter- 
pretation of the fracture toughness measurements.  Material 
shortages precluded general characterization of the other two 
materials in the post weld heat treated condition.  It was 
anticipated that the stronger material (A508 Class 2A) could be 
obtained and portions tempered back to provide the weaker mate- 
rial (A508 Class 2),     thus retaining the quenched structures 
typical of heavy section materials. 
Test Materials - --■ 
The ASTM A508 class 2/2A material was obtained in the form 
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of two test coupons from a ring forging of about 3 m (10 ft) ID 
and 230 mm (9 in) wall thickness.  The chemical composition is 
listed in Table LA,.  The as-received material had been heat 
treated in the following fashion.  The forging was  normalized 
at 893°C (1640°F) and air cooled.  It was then austenitized at 
857°C (1575°F), water quenched, tempered at 666°C (1230°F), 
furnace cooled to 304°C (580°F), and air cooled to ambient 
temperature.  In this condition the material had a yield strength 
of 465 MPa (67.4 Ksi) and a tensile strength of 614 MPa (89.0 Ksi). 
Except for narrowly missing the tensile strength requirement of 
621 MPa (90 Ksi), this material would have just met the require- 
ments of ASTM A508 Class 2A. 
Attempts were made to produce a weaker Class 2 material by 
tempering samples of the A508 Class 2A at higher temperatures 
than used for tempering previously.  The material proved rela- 
tively resistant to tempering treatments as tempering at 696°C 
(1285°F) for 24 hours resulted in yield and tensile strengths of 
414 MPa (60.1 Ksi) and 564 MPa (81.8 Ksi) respectively.  Treat- 
ments of 704°C (1300°F) resulted in partial austenization and 
pearlite formation upon cooling.  This last attempt established 
the limiting tempering temperature.  Since considerable interest 
has been expressed in ASTM A508 Class 2A at a strength level 
(620 MPa (90 Ksi) yield and 758 MPa (110 Ksi) tensile) higher 
than that of the as received material, half of this material was 
retained for use as ASTM A508 Class 2 and the remainder heat 
treated to the higher strength level. 
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In  the   re-heat   treatment   of  the  material   to   Class  2A  an 
attempt was  made   to  simulate   cooling  rates   typical  of  heavy 
section  steel   industrial   practice.     Using  heavy section half 
temperature   time  cooling  rate  data  published  by  Strunck,   Pense 
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and  Stout       as  a  guide,   preliminary  experiments   established  that 
forced  air   cooling  of a  51 mm  (2   in)   thick steel  specimen re- 
sulted   in a  half   temperature   time  cooling  rate   approximating 
that  of  a  254  mm  (10   in)   section  that  was  water  quenched.     Hard- 
ness   readings   on  the   Class  2   material  treated   in  this  manner 
indicated   that   the  cooling  rate  was   insufficient   to  produce  a 
microstructure   that  could  yield   the   dramatically   increased 
tensile   properties  desired.     Additional  experiments  were  con- 
ducted   to  determine  a  suitable  heat  treatment   that   would  achieve 
the   desired  strength   level without   producing a  microstructure 
totally unrealistic  of  heavy  section practice.     ASTM A508   Class 
2A was   finally  produced  by austenitizing   100 x   100 x  50 mm 
(4x4x2   in)   specimen blanks   at   875°C   (1575°F),   quenching  in 
agitated  oil,   and   tempering at  593°C   (1100°F)   for   12  hours. 
This   treatment   resulted   in yield and  tensile   strengths   of  637 MPa 
(92.4  Ksi)   and   772  MPa   (111.9  Ksi)   respectively. 
The  ASTM A508  Class   4 material was   obtained  as   the  muzzle 
end  of  a   long  ring  forging   1.06  m  (42   in)  OD with 305  mm  (12   in) 
thick walls.     The   chemical  composition  is   listed   in Table   1A. 
The   forging  had  been heat  treated  by austenitizing at  832°C 
(1530°F),   water  quenching,   followed  by a  double   temper  at  638°C 
(1180°F)  and  air  cooling  to  ambient   temperatures.     In   this   condi- 
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tion the material had a yield strength of 654 MPa (94.8 Ksi) 
and a tensile strength of 757 (MPa (109.8 Ksi). 
In order to determine the effects of a post weld heat 
treatment on the fracture toughness of the three materials, 
specimen blanks were given a simulated post weld heat treat- 
ment in accordance with Article NB 4620 in Section III of 
reference (2).  This article requires that ASTM A508 Class 2 
be held at 593°C-677°C (1100°F-1250°F) for 2 hours, plus 15 
munutes for each 25.4 mm (1 in) of nominal thickness over 
51 mm (2 in).  The heating and cooling rates above 427°C 
(800°F) must be limited to a rate determined by the thickness, 
but need not be less than 44°C/hr (100°F/hr).  The specimen 
blanks undergoing the simulated PWHT were heated at a rate of 
44°C/hr (which corresponds to the rate for sections greater 
than 102 mm (4 in)), held at 593°C (U00°F) (inasmuch as this 
was tempering temperature for the ASTM A508 (Jlass 2A material) 
for 4 hours, and cooled to 427°C (800°F) at a rate not greater 
than 44°C/hr (100°F/hr). 
A summary of the room temperature tensile properties for 
the experimental materials can be found in Table IB. 
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TESTING PROCEDURES AND RESULTS 
Metallographic Examination 
A metallographic examination of the base condition of each 
material was conducted for general informational purposes. 
Specimens were mounted in bake lite with the plane of polish being 
the anticipated fracture plane (L-S orientation code per ASTM 
E399), and ground on an 80 grit wet belt to produce a flat sur-  ■■• 
face.  The specimens were then ground by hand on 240, 320, 400 
and 600 grit silicon carbide wet papers.  Polishing was accom- 
plished with 600 mesh silicon carbide, 1 ^ alumina, Linde A 
alumina and Linde B alumina polishing wheels.  A thorough clean- 
ing of the specimen was done between wheels.  Methanol was used 
as a lubricant to reduce pitting during polishing.  The above 
procedure resulted in polished surfaces satisfactory for micro- 
scopic examination.  The specimens were etched with 47o picral 
for about 10 seconds by swabbing to reveal the carbide structures 
of the three materials.  Repolishing with Linde B and re-etching 
improved the overall quality of the specimen surfaces.  Photog- 
raphy was performed on a Zeiss Axiomat metallograph, with un- 
filtered white light and Polaroid black and white PN55 film. 
These photomicrographs are shown in Figures 7a, 8a and 9a for ASTM 
A508 Class 2,   Class 2A, and Class 4 respectively. Without re- 
polishing the specimens were then etched with 27o nital for about 
15 seconds by swabbing in order to reveal the prior austenite' 
grain boundaries in the steels.  The results of this examination 
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are shown in Figures 7b, 8b, and 9b for ASTM A508 Class 2, 
Class 2A, and Class 4 respectively. 
Tension Testing . __ 
Both for general information and for use in fracture tough- 
ness computations it was desirable to conduct a tensile testing 
survey over the temperature range -129°C to 100°C (-200°F to 
212°F) in accordance with the provisions of ASTM E8 and A270. 
Standard 6.35 mm (.250 in) diameter buttonhead tensile speci- 
mens were machined from the experimental materials and tested 
in a 44.4 KN (10,000 lb) Instron testing machine at a constant 
crosshead speed of 1.27 mm/min (.05 in/min).  Temperatures for 
the low temperature tests were achieved by immersion of the test 
specimen and grips in an agitated bath of 2-methylbutane and 
liquid nitrogen.  A small electric furnace (equipped with a cir- 
culating fan) was installed around the grips and tensile speci- 
mens for the tests conducted at 100°C (212°F).  Temperatures in 
both cases were controlled to within 3°C (5°F).  The yield 
strength, ultimate tensile strength, percent elongation in 
25.4 mm (1 in), and percent reduction in area were determined 
for each specimen.  The yield strength was taken to be the lesser 
of the .27o offset yield strength or the lower yield point.  The 
results for all of the tensile tests conducted are tabulated in 
Table 2.  The tensile properties of the experimental materials 
are displayed in a graphic form as a function of temperature in 
Figures 10, 11, 12 and 13. 
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Charpy V Notch Impact Testing 
A Charpy V notch impact test series was conducted for each 
experimental material, sufficient to describe the material 's 
transition curve.  Testing was conducted in accordance with ASTM 
standards A270 and E23 on a certified 325 J (240 ft-lb) Satec 
impact testing machine model SI-1.  The transition behavior was 
studied by recording the energy absorbed, lateral expansion, and 
percent fibrous fracture as a function of temperature for each 
material.  This information is plotted in Figures 14-25.  The 
solid line in each figure is a least squares fit of a sigmoidal 
curve through the experimental data points.  This line is gener- 
ated by an appropriate version of the computer program CHARPY 
(Charpy impact data analysis programs which are on file at the 
Lehigh University Computing Center).  Pertinent information 
from Figures 14-25 is summarized in Table 3A as a listing of 
several appropriate transition temperatures and the upper shelf 
energy for each of the materials studied. 
Drop Weight Testing 
The nil ductility transition temperature (NDTT) was deter- 
mined for each material in accordance with the provisions of 
ASTM E208 using standard P-3 dropweight specimens.  The results 
of these tests are listed in Table 2B. With regard to the NDTT 
listed for.ASTM A508 Class 2A, limited material and several spur- 
ious "no breaks" precluded the determination of the NDTT.  The 
NDTT is at least + 10°C (50°F) in as much as the material exhib- 
ited a "break" at that temperature. 
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Fracture  Toughness  Testing 
Specimen Orientation,   Configuration  and   Preparation 
The   fracture   toughness   determinations   in  this  study  were   • 
made  with  compact   specimens  as   described   in ASTM E399"     All 
specimens  were   38 mm  (1.5   in)   thick except   for   two 51 mm  (2   in) 
ASTM A508  Class  2   specimens   which were   tested  at   -129°C   (-200°F). 
All specimens  were  cut   out   of  the  forgings   in  the L-T  orientation 
(crack plane  normal to the  tangential direction)  with  the crack 
tips   located  at  the  quarter   thickness   of   the  section. 
The specimens  were  machined   in accordance  with  the  dimen- 
sions   prescribed   in ASTM E399 with  the modification  depicted   in 
Figure 26.     In addition to the   integral knife  edges   on the,speci- 
men  face   (provided  for   in the  standard method)   a  second  pair  of 
knife  edges  were  machined  on the   load   line  of  the  specimen.     This 
permitted  the mounting of a  second  clip gauge  for use   in the  twin 
gauge  technique  of  detecting crack extension,   and   in the recording 
of   load-line  displacement  to aid   in the  direct  computation of  the 
pseudo-potential  energy  for the  J-integral analysis. 
All of   the  specimens   tested were  fatigue   precracked  on an 
Amsler Vibrophore  fatigue  testing machine   in accordance  with the 
requirements   listed   in ASTM E399 and  reference   (18).     The maxi- 
mum fatigue  stress   intensity   in  the   final  stages   of   pre-cracking 
each specimen was   kept   in  the  range   16-30 MPa/m  (15-27 Ksi/in) 
depending upon the  anticipated  test  temperature   for that  particu- 
lar  specimen. 
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General  Test   Configuration and  Procedures 
All   testing was   conducted   on a  533  KN   (120,000   lb)  Baldwin 
universal  testing machine,   with  a   loading  rate   in  the   linear  .„ 
oortion     of     the    toughness   test  of  about   17.8 KN/min\(4000   lb/ 
min).     Load  and   load-line  displacement  were  recorded  autographi- 
cally on a X-Y recorder  by means   of a  strain gauge   load  cell, 
and a  double  cantilever beam clip  gauge  respectively.     These two 
quantities  were  also recorded  onto paper  tape  by an analog  to 
digital recorder.     This   instrument monitored  the   load  cell and 
clip gauge   outputs  with  two digital multimeters,   transferred 
the  digital   information  from each  meter   simultaneously  to  a 
buffer memory,   and then punched  this  stored   information  onto 
paper  tape  for  further  processing by a  computer.     The  specimen 
face  displacement  was   monitored with a  second  double  cantilever 
beam clip gauge and was  recorded   in conjunction with the   load- 
line  displacement  on a  two channel  strip chart  recorder.     In 
some  cases   this was   either augmented  or   replacecLiy an additional 
X-Y recorder.     This   information was  used   in  the  twin gauge  tech- 
nique   to detect  crack growth. 
Temperatures   in  the   low  temperature   tests  were  controlled 
by enclosing  the  grips  and specimen within an   insulated  chamber 
and   pumping   liquid   nitrogen  through   it.     The   temperature   of  the 
specimen was  monitored  by  a  copper-constantan  thermocouple   imbed- 
ded   in the   specimen.     The  tests  at   100 °C   (212°F)  were   conducted 
by enclosing the  specimen and  grips within a  portable  electric 
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furnace with a circulating fan.  Test temperatures were con- 
trolled to within 3°C (5°F) with the above procedures.  All 
specimens were held at temperature for a minimum of 15 minutes 
after the test temperature had been reached. 
For most of the specimens for which extensive plasticity 
was anticipated, an attempt was made to measure the unloading 
compliance periodically during loading to failure.  Although 
the unloading program varied slightly from specimen to specimen 
as experience was gained with this technique, the unloading was 
generally conducted by the following scheme.  The load on the 
specimen at the initiation of the unloading was reduced by not 
more than 107o on the linear portion of the load-load line dis- 
placement curve, and at intervals of .13-.25 mm (.005-.010 in) 
thereafter until a maximum load was encountered or ductile tearing 
was obvious. An example is shown in Figure 5b. 
Data Analysis and Results 
In order to evalute the fracture toughness of the differ- 
ent specimens (especially those exhibiting extensive plasticity) 
the large amounts of data collected on each specimen were evalu- 
ated in the following way.  The appropriate data was collected 
and reduced to determine the initiation of crack growth by as 
many of the four criteria previously discussed as possible.  It 
was using all this information that fracture toughness values were 
calculated for the materials in the elastic-olastic  range.      \ 
The raw load-load line displacement data contained on the 
paper tape was reduced in the following manner.  The paper tape     \ 
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was first converted to computer cards in terms of raw transducer 
output in milivolts.  This permitted inspection of the data and 
removal of bad data cards prior to further data reduction. 
Through the use of calibration data (obtained for each test day) 
the raw data underwent a linear conversion to load-load line dis- 
placement data cards.  These cards were then sorted to separate 
the smooth loading curve from the unloading compliance data.  The 
area under the former was determined by integrating numerically 
with the trapezoidal rule and was normalized with respect to 
specimen thickness.  One of the outputs of this program was the 
normalized energy up to specified displacements which was later 
used in computing the J integral with the compliance method. 
The results of the computer integration were compared with sev- 
eral graphical integrations of different load-load line displace- 
ment X-Y recorder records.  Agreement was found to be well within 
1%. 
The unloading compliance data was screened for bad data 
cards, and the unloading compliance computed.  A computer program 
was utilized to fit the best least squares line through the data 
and then convert the slope to compliance for each unloading event. 
So that this stable crack growth criterion might be in rough 
correspondence with the crack growth tolerated by the secant 
procedure found in ASTM E399, crack growth was deemed to have' 
initiated when the compliance had increased by more than 5%.     As 
a first approximation it was assumed that the crack growth ini- 
tiated at a displacement midway between the "critical" unload * 
3L 
and the previous unload.  The results of this method are com- 
pared with the other available criteria and are shown in Table 
4, which will be discussed in a later section. 
The detection of stable crack growth by the twin gauge 
method was studied in two ways.  In the primary method, the two 
channel strip chart recorder monitored the simultaneous output 
of the load line clip gauge and specimen face clip gauge.  It 
should be recalled from previous discussion that these outputs 
are expected to be proportional to each other up to the initi- 
ation of ductile tearing.  The raw data (in chart units) for 
the specimen face gauge was doubled (due to recorder scale dif- 
ferences) and plotted manually versus the load line displacement 
gauge output (in chart units).  By careful examination the 
experimenter could pick out the point marking a change in slope 
which presumably marks the initiation of ductile tearing.  This 
critical value in chart units is readily converted to critical 
load line displacement, A,   through the calibration data obtained 
for each test day.  The alternative method consisted of auto- 
graph ically recording the two required gauge outputs on a cali- 
brated X-Y recorder, and then directly selecting the critical 
displacement.  This method was attempted to check the validity 
of the primary method, and to eliminate a great deal of manual 
manipulation of data.  The application of the alternative method 
was extremely limited due to the-restricted availability of an 
additional X-Y recorder.  The results of both of these methods 
where available are shown in Table 4. 
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The displacement  at  first  attainment of maximum  load was 
obtained from direct  examination of the  load-load   line displace- 
ment  record  and   is   included   in Table 4  for reference. 
For  the  specimens   exhibiting   linear elastic   fracture behavior, 
the data was  analyzed   in accordance with the  provisions   of AS' 
B399.     For  those  specimens   that either  failed  the  thickness 
requirements   or  secant   line  requirement   on allowable   plasticity 
(yet   failed with only   limited  plasticity)  K      was  approximated 
3 by Irwin's  beta  correction,     discussed  earlier.     Kr was  esti- 
mated using Equations   (2)   and   (4).     K    was   then entered   into 
Equation   (5)   and an  iterative  solution for KR obtained.     The 
results   of  these  computations  are  tabulated   in Table 5. 
With the  critical displacements,  Ar, from Table 4   in hand, 
the  calculation  of   fracture  toughness  by the  general yielding 
methods  could  proceed. 
The critical crack opening displacement,   6r,   for every A 
of each specimen was  computed   in accordance with the  provisions 
of  reference   (6)  with the coefficients  applicable  to compact 
specimens   listed   in reference   (5).     6    was  then converted  to 
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fracture toughness, K., through the use of Equations (7) and 
(8a) where n in Equation (7) was taken to be equal to 1.0 to 
eliminate ambiguity.  The results of these computations are 
listed in Table 6. 
The critical values of the J integral, JTr,  were computed 
in two ways. Where test conditions permitted, the J integral 
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was evaluated for different groups of specimens, and J__ 
evaluated for each A by the compliance method described 
earlier (see Figure 3).  J was evaluated assuming that the 
U/B vs. a curves were straight lines.  Fracture toughness values, 
K , were then obtained using Equation (8a).  The results from 
vJ 
these computations are listed in Table 7.  A second method of 
estiaating J „  for each specimen and A„ was accomplished by 
using Equation (12).  These results are listed in Table 8. 
There was sufficient ASTM A508 Class 4 material (both in 
the as received and post weld heat treated condition) to make 
18 
an evaluation of the method proposed by Landes and Begley 
for determining J  (see Figures 6a and 6b).  J was estimated 
both by Equation (11) and by Equation (12), which accounts for 
the contribution of axial force in a compact specimen, to pro- 
vide an additional comparison. A was measured from enlarged 
(3X) photographs of the fractured surfaces to permit more 
consistent measurements of the greatest crack extension on each 
specimen.  The results of these experiments are shown in Fig- 
ures 27a and 27b.  The fracture toughness of the ASTM A508 Class 
4 is 178 MPa/m (162 Ksi/in) based on Equation (11) and 189 MRi/m 
(172 Ksi/in) based on Equation (12).  For the ASTM A508 Class 4 
PWHT the fracture toughness values are 192 MPa/m (175 Ksi/in) 
using Equation (11) and 207 MPa/m (188 Ksi/in) using Equation 
(12). 
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DISCUSSION 
Methods for the Detection of Crack Growth 
As  has  been mentioned  previously and  re-emphasized here, 
values   of   fracture  toughness   determined either by the  COD or J 
integral approaches  are  quite  sensitive   to the   investigator's 
ability to determine   a critical  displacement  which characterizes 
specimen failure   (in this   study  the   onset   of stable  crack exten- 
sion).     It   is   therefore  desirable  to  compare   the  various  methods 
of detecting stable  crack growth   (see Table 4). 
Continuing on with  the work of Sugino and  Pense,       the  use 
of  the twin  gauge   technique was  adapted,   and used both as   the 
primary method  of  determining A    and  as   a basis   for comparison 
with  the   other  crack  growth detection methods.     The   primary twin 
gauge  method   (described   in  the  preceding section)   produced  the 
expected  detectable  slope  changes.     The  resulting A   's   appeared 
to be   reasonable values  when  located  on  their  respective   load- 
displacement   curves   (see  Specimen 423   in Table  4 and  Figure  5b). 
All  of  the manual manipulation and  plotting   involved  with  this 
procedure was  a  possible   source  of error.     To check  this   possi- 
bility  the   secondary  twin  gauge  method was   attempted  using auto- 
graphic  plotting by a X-Y  recorder  to  monitor   the   two  clip  gauge 
outputs.     This   procedure however did  not  result   in  plots  with a. 
distinct  slope  change but  took the  form  of a curve with gradu- 
ally changing  slope.     An  example   is   shown  in Figure 28.     This 
may be a  result  of crack growth initiation occurring at about 
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the same time as yielding effects become significant in the 
specimen.  The gradual slope change made determination of Af 
difficult and highly dependent upon the calibration scale 
chosen.  Further, the A 's indicated by the secondary method do 
not compare well with those indicated by the primary method. 
This discouraging result casts some doubt onto the usefulness 
of the twin gauge technique for the detection of stable crack 
growth unless small slooe changes ran be readily identified. 
Because the primary method is common to most of the tests 
conducted and the resulting AJs are not unreasonable, this 
technique was chosen as the principal specimen failure crite- 
rion for this study. 
The attempts to determine A_ with unloading compliance met 
with mixed results.  The results from the unloading compliance 
computations for three specimens are shown in Table 9.  The 
compliance data for Specimen 423 show relatively little scat- 
ter (at least in comparison to other specimens in this study). 
Ignoring the compliance at 0.53 mm (.021 in), initiation of 
stable crack growth (by the 5% definition) might be presumed to 
have occurred between 1.07 mm (.042 in) and 1.35 mm (.053 in). 
Thus A was selected as being 1.2 0 mm (.048 in).  The scatter 
in Specimen 351 is somewhat greater, but a line of reasoning 
similar to that used above established a A of 0.97 mm (.038 in). 
The scatter in the compliance computations for Specimen 551 was 
great enough to preclude a rational selection of A by this 
technique.  In general when a A„ could be determined by the un-r 
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loading compliance technique it compared favorably with the 
result of the twin gauge method.  The slightly larger values 
of Ap for unloading compliance as compared to the twin gauge 
Arare due to the fact that some crack extension is permitted 
in the former method while the latter attempts to characterize 
the initiation of crack extension.  The results from these 
three specimens are representative of all"of the unloading 
compliance data collected. 
The relatively large degree of scatter among the compli- 
ance computations is attributable to several sources.  Clip 
gauge linearity and gauge output measurement sensitivity spring 
immediately to mind.  Some of the factors affecting clip gauge 
linearity include clip gauge geometry and construction, strain 
gauge linearity, initial gauge length, displacement range over 
which the measurement is to be made, and some external factors 
such as the degree to which the mounting knife edges are paral- 
lel.  A linear variable differential transformer (LVDT) might 
be inherently more linear than a clip gauge if acceptable 
mountings can be made.  If the range on the displacement moni- 
tor is sufficient to record the entire range of displacement 
during a test it may be too insensitive to observe the unloading 
segments.  The unloading compliance measurements are not a triv- 
ial accomplishment, and the difficulties and expense required to 
adequately instrument this technique may be considerable. 
While the measurement of unloading compliance is by no means 
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a simple exercise, the rewards of refining this technique into 
a usable method are extremely attractive.  Properly refined the 
method will permit both the detection of the initiation of 
stable crack extension and an effective measure of this exten- 
sion through the use of Equation (13).  The most significant 
advantage of this procedure is that these measurements could be 
accomplished on a single specimen.  This would greatly reduce 
machining costs involved with the multiple specimen techniques. 
The preliminary data gathered in this study and the potential 
rewards to be gained are considered sufficiently encouraging to 
justify further work to develop this technique. A procedure for 
this continued development is discussed in the Appendix. 
The direct examination of crack extension method proposed 
18 
by Landes and Begley  appears to be the least ambiguous and 
simplest method of determining specimen failure, even with the 
limited use on a familiarization basis it received during this 
program.  However it too is not without drawbacks.  In this 
procedure A is taken to be the maximum crack extension measur- r
 a 
able in the specimen.  The irregularity in stable crack exten- 
sion (especially in the intermediate amounts) observed in this 
study results in the scatter observed in Figures 27a and 27b. 
An example of this irregularity is shown in Figures 29a and 29b. 
A for Specimen 526 was measured as 1.57 mm (.062 in) and for 
Specimen 528 1.83 mm (.072 in). While both specimens have near- 
ly the same maximum extension clearly 52 8 has undergone much 
more general crack extension.  The second drawback is that this 
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method requires about 4-6 specimens to obtain one fracture tough- 
ness value.  Despite these difficulties the resulting fracture 
toughness values (reported in the previous section) are in rea- 
sonable agreement with the results based upon the twin gauge 
method although the two direct examination method observations 
are both about 10% higher.  In the investigator's opinion the 
results of the direct examination procedure are more representa- 
tive of the material behavior. 
It was found that the maximum load criterion, except in 
cases approaching linear elastic behavior,  does not characterize 
the initiation of crack extension.  This finding is consistent 
with the findings of Sugino and Pense.   The results of compu- 
tations based on maximum load are included in Tables 6-8 for 
information only. 
Fracture Toughness Comparisons 
Comparison of Table 6 with Tables 5 and 8 reveals that the 
Kc's are consistently lower than either the linear elastic or J 
o 
integral estimation results.  The reader will recall that the 
yield strength intensification factor, n, in Equation (7) was 
taken.to be equal to 1 (the plane stress value) to eliminate the 
ambiguity of trying to decide the appropriate degree of plane 
stress or plane strain in each specimen in order to ultimately 
select an appropriate value for n.  Application of the plane 
strain value of n = 2 in the linear elastic cases virtually 
eliminates the above discrepancy. Application of intermediate 
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values of n would eliminate the discrepancies in the remaining 
cases.  This approach is justified even in fully plastic speci- 
mens because the fracture toughness was measured at A„,   which 
usually occurs prior to gross plastic yielding, implying some 
yield strength elevation.  Due to the lower yield strength of 
the ASTM A508 Class 2 material, the load-load line displacement 
curve of Specimen 423 (A_ = 0.95 mm (.038 in)) in Figure 5b 
provides a conservative example. 
Use of the compliance technique to evaluate J   (Table 7) 
xc 
was compared with the estimation procedure proposed by Merkle 
14 
and Corten   (Table 8).  As discussed earlier the compliance 
technique requires several specimens (the more the better) to 
evaluate JTr>.  In comparison with the estimation procedure good 
agreement was achieved for the ASTM A508 Class 4 (5 specimens) 
and Class 4 PWHT (4 specimens) at 22°C (72°F).  It appears that 
a more realistic limitation on the compliance technique be a 
minimum of four specimens in the sampling rather than the three 
specimens mentioned earlier.  It should be noted that adding two 
more specimens to the ASTM A508 Class 4 sampling at 22°C (72°F) 
(to a total of 7) resulted in unrealistically low values and 
were not reported. 
Considering the above, the fact that the estimation values 
compare very closely with the fracture toughness values in the 
linear elastic range (see also Table 5), and the yield strength 
elevation problems associated with the COD approach, K  (based • 
-on™the Merkle and^Corten estimation and twin gauge technique for 
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the determination of A ) was adopted for use in the characteri- C ^ 
zation of fracture  toughness  beyond  the applicability of   linear 
elastic methods.       The averages   of these   fracture   toughness 
values   for  each material at each  test  temperature  are   listed   in 
Table   10 as  a summary,   and Figures  30-32   present  the  range  of 
fracture  toughness values   (K^ and K )   for each material as a 
function of  temperature.     In each  of Figures  30-32   the  solid  line 
is   the  transposed    KTD   for  the ASTM A508  Class  2  material used " IR 
in this study.  In Figures 31 and 32 the dotted lines would be 
the K  for the appropriate material if it would be computed in 
IK 
the same way as the lower strength material. 
Figure 30 shows many fewer data points for ASTM A508 Class 
2 than Figures 31 and 32 show for the other two materials.  This 
was due to a problem which occurred during fatigue precracking 
but was detectable only after testing.  About 45% of the ASTM 
A508 Class 2 specimens developed a tongue shaped fatigue crack 
front although both surface traces of the crack appeared normal. 
It is interesting to note that two of the four ASTM A508 Class 2 
PWHT specimens had this defect but to a much milder degree and 
none of the ASTM A508 Class 2A specimens (Class 2 reheat treated) 
exhibited the defect.  This fact might possibly indicate that a 
compressive residual stress (origin unknown) was acting on the 
central portion of the crack tips of the affected specimens, and 
was mitigated by the high temperature thermal treatment.  Al- 
though the foregoing is very much conjecture, Vibrophore grip 
a l-fgnmpni- ,or some peculiar-inclusion-sfcruc-t-ure-wou-14--not appear 
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to be  causes  since  the crack fronts   in  the Class  2A material did 
not  show  the   defect. 
The  fracture  toughness   results   shown  in Figures  30-32  were 
not  expected.     In Figure  30 the  one ASTM A508  Class  2   specimen 
tested at   100°C   (212°F)   that  possessed a normal crack front ap- 
parently  failed  the K       criteria.     The   fracture  toughness  values 
IR 
at the lower temperatures lie above the KTD curve, and increase IR 
with  increasing temperatures  up to an apparent  shelf at about 
147 MPa/m (134 Ksi/in).     This   value   is somewhat   lower  than might 
normally be  expected after  considering  the  Charpy V-notch   impact 
data.     It should be  remembered that   the K      curve   is based  on IR 
linear elastic methods  that  permit up  to about  2% stable  crack 
growth,   while  the  data reported   in Figures  30-32  are  computed 
at  the   initiation of stable  crack  growth.     The   investigator 
believes  that   the apparent   low shelf  fracture  toughness   is   an 
artificial effect arising from selection of the onset of stable 
crack extension as the measurement point for fracture toughness 
values.  It is also possible that, as an additional contributing 
factor, the twin gauge technique was being clouded by yielding 
phenomena resulting in unrealistic values of A .  The somewhat 
higher fracture toughness values, 10% higher obtained by the 
direct crack extension examination procedure for the ASTM A508 
Class 4 material supports this possibility.  If these arguments 
are correct, then the K  criterion failure is only apparent. IK 
Figures  31 and 32  are  of the  same  form except  that  the  shelf 
__Ixa£txire-J^Gu£kae3S-^r3tlttes~av^ than  the ASTM 
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A508 Class 2 material, and the ASTM A508 Class 4 material 
exhibits a transition to the upper shelf at a much lower 
temperature.  The latter phenomena was as expected from the 
drop weight test results.  The investigator believes the same 
arguments used above apply to these higher strength materials 
as well.  Based on those arguments all three of the experimental 
materials would be expected to lie above the KTTD curve when 
tested with full size specimens under the provisions of ASTM 
E399. 
Since fracture toughness values obtained from general 
yielding methods are directly dependent upon the chosen meas- 
urement point Ar, much more work is required on the subjects 
of where fracture toughness values should be measured, and of 
general yielding fracture toughness testing methods as they 
relate to a plane strain fracture toughness correlation. 
The effects of post weld heat treatment on material tough- 
ness were not observed to be detrimental as can be seen in 
Table 10.  For the ASTM A508 Class 2 and Class 4 materials post 
weld tveat treatment apparently increased the fracture toughness 
by about 20% and 15% respectively.  The ASTM A508 Class 2A mate- 
rial remained essentially unchanged by the treatment. 
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CONCLUSIONS 
The conclusions of this work on high strength reactor mate- 
rials will be summarized in two parts. The first set of conclu- 
sions relate to the fracture toughness of the experimental mate- 
rials . 
1. The fracture toughness values for all three materials 
increased with increasing temperature up to about 165 MPa/m 
(150 Ksi/in).  These values lay above the appropriate K 
IR 
curves, and conformed to the anticipated fracture toughness 
behavior.  As temperatures were increased further there 
was no apparent increase in toughness for any of the three 
materials, and as a consequence, they are below the approp- 
riate K  curve at these temperatures.  This unexpected 
IR 
observation was considered a consequence of measuring the 
fracture toughness at the initiation of stable crack 
growth.  All other information indicated the suitability 
of all three materials for nuclear service. 
2. ASTM A508 Class 4 is a suitable candidate for further 
development as a high strength reactor forging material, 
and would be expected to meet a KTr) type criterion very IR 
similar  to  that   in use  now. 
3. The   simulated ASTM A508  Class  2A,   while  exhibiting 
adequate  shelf  toughness,   possessed a  relatively high 
NDTT.     Furthermore,   the  production ASTM A508  Class  2A 
materials  might   lack the  hardenability  for use   in heavy 
44 
sections at yield strengths approaching 621 MPa (90 Ksi). 
4.  Post weld heat treatment was not found to be detrimental 
to any of the materials tested. 
The second series of conclusions relate to the findings of 
the survey of crack growth detection methods. 
1. Detection of crack extension by direct observation is 
currently the least ambiguous and simplest method tested 
thus far, and use of the twin gauge technique should be 
discontinued . 
2. While being a somewhat more difficult measurement, the 
various advantages inherent in the unloading compliance 
method of detecting and measuring stable crack extension 
makes it highly desirable to continue the development of 
this method for future use.  Test\instrumentation now in 
use appears inadequate to exploit tnxis method, and a 
considerable outlay of funds might be Required to imple- 
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TABLE 2 































































































































































































































































































































53 O 4-> CO 

























CO 3 m i-4 
4-1 ^-4 1—1 .—i i—4 
4-4 ^ 
v





<f <)• i—i o 
^ CNI ON <t m 
en CM ■—1 i—i i—4 
^ 
•—1 
•H   y-s S~s ,-"N /-N ^-^ 
S fa <r <f vO oo 
O i <f LO ON 
LO   W ^w' **S 1 i 
co N—' s^ 
^w' 
Cj o r^ O-N CM 
LO   O CM <* r>» 








0) 1       /~\ ^^\ •-^ -<--N X~N 
a 4_)   ft. CM co ON <J- 
G m o *^ <r m ON 









•H ►")   C_) r^ ON o o 
CO ex) o I—I m 1^. 





1   /-^ /•—s ^--N /^ •~s 
4J    fn r^. r—1 CO ON 
4-1  o m r-^ OS oo 
^w* i i I i—l 
u-i ^w^ v-' v 1 
1—1 N^- 
•-5   CJ o r~- ON CO 
O o <fr LO vO CM 
CM i i 1 .—1 
1 
< 
CM CM -tf <r 
CO CO CO CO 
1—( CO CO CO CO 
QJ CO CO cfl CO 
QJ 
4-1 
1—1 1—1 1—1 i—4 
U a U c_> 
C/j H 
CX> oo oo 00 K 
O o o 
m fa LO in in 





















•~\ *^N •-s s~\ •-N fa o o o o 
o r-4 m ■—4 <t 
V—' Ct ct i—l 1 i—4 1 











CM CM <t ■o- 
CO CO CO CO 
CO CO CO CO 
CO CO cO CO 
1—1 1—1 i—i ^ 
o c_> O u 
00 oo 00 00 
O o o O 
m in in m 



















































Q i2 25 s 
48 
TABLE  4" 
Comparison   of  Specimen  Failure   Criteria 
'Test Un load ing 
Values   by Techn ique 
Steel  and  Specimen Twin  G auge Twin  Ga uge Maximum 
Temperature Cornp liance Techni que Techri'iq ue Load 
(Primary) (X-Y  Record) 
°C °F mm (in) mm (in) mm (in) mm in) 
22 72 0.74 .02 9 * 
ASTM A508  Class   2| 
435 
441 22 72 0.90 .036 0.83 .03 3 * 
1 
442 22 72 0.6 1 .024 * 
AVG. 0.75 .030 0.83 . 033 | 
42 1+ 22 72 0.7 0 .02 8 0.88 .035 
422+                          22 72 0.85 .034 0.73 .02 9 * 
42.3+                          22 72 1.20 . 04 8 0.95 .038 * 
424+                          22 72 0.97 .038 0.83 .03 3 * 
AVG. .094 .03 7 0.85 .034 | 








ASTM A508  Class   2A 
22 313 
322+ 22 72 0.85 . 034 1.48 .05 9 
351 100 2 12 0.97 .038 .079 .031 .090 .036 2 .34 .092 
352 100 2 12 .089 . 03 5 1.22 .048 2 .41 095 
353 100 2 12 0.90 .036 1.19 .047 1 .98 .078 
AVG. 0.97 .038 0.85 .034 1.12 .044 2 .24 .088 | 
-46 -5 0 0.98 .03 9 0.90 .036 1.75 .070 
|ASTM A508   Class   4 
541 
542 -46 -50 1.02 .04 0 0.78 .031 1.58 .063 
543 -46 -50 0.73 .02 9 0.73 .02 9 2 .13 .08 5 
AVG. 0.90 .036 0.80 .032 1.82 .073 | 
511 22 72 0.90 .036 1.98 .079 
512 22 72 0.85 .034 1.85 .074 
513 22 72 0.68 .02 7 1.98 ' .079 
514 22 72 0.93 .037 1 .85 .074     ! 
515 22 72 0.68 .02 7 1.65 .066     1 
554 22 72 1.02 .040 0.99 .039 0.86 .034 1.83 .072     1 
555 22 72 0.79 .031 1.17 .046 1.78 .070 
AVG. 1.02 .040 0.83 .033 1 .02 .040 1.87 .073 | 
52 1+ 22 72 0.85 .034 1.70 .068 
522+ 22 72 0.85 .034 1.88 .075 
52 3+ 22 72 1 .00 .040 1.75 .070 
524+ 22 72 0.90 .036 1.73 .06 9 
|AVG. 0.90 .036 1.76 .071 | 
551 100 2 12 - .079 .031 1.60 .063 
552 100 2 12 .084 .033 :     i.es .066 
553 100 2 12 1.17 .046 .076 .030 1 .96 .077 
|AVG. 1.17 .046 .079 .031 1.75 .069 | 
Post  we.ld  heat   treated Very   large   displacements,   >2 .5  mm   (.10   in) 
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TABLE   5 
Fracture   Toughness   Values  Obtained   by  Linear   Elastic   Approaches 




°C          °F 
K 
max 
MPa/m     (Ksi/in) 
K C 
■ MPa/m (Ksi/in) 
K 
MPav m (Ksi/in) 
KIC(E399) 










lASTM A508   Class   2 | 
406 f 
407 
-12 9      -2 00 
-12 9     -2 00 
36               33 
3 7              34 
|AVG. -129     -200 37               34 
432 l 
444 
-46        -50 
-46        -50 
84               76 
89              90 
|AVG. -46        -50 91              83 
|ASTM  A508   Class   2A | 






-129     -200 
-129     -200 
-129     -200 
52            47 
78 71 
79 72 




-46       -50 
-46       -50 
-46       -50 
88              80 
145             132 









85            77 
| AVG. 




22          72 
22          72 
22          72 
123             112 
102               93 



















22          72 
22          72 
22          72 
2 02             184 
12 8            116 













| AVG. 22          72 137             125 159 145 108 98 | 
83              75 
80              73 
12 5             114 
- 
- - - 




-12 9     -2 00 
-12 9     -2 00 
-129     -200 
83            75 
80            73 
12 5          114 
IAVG. -129     -200 96              87 - - - '    , 96            87 | 
Crack 
2 
front   curves 
KnN2 
extens ively 
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TABLE  9 
Typ ical Unloading Compliance  Data 
Material  and  Specimen Dis placement 
mm        (in) 
Compliance 
m/nt                      in/lb 
Loading 
0.53      .021 
4. 164 x   10 
4.370 
7.287 x 10" 
7.647 
7 
ASTM A508  Class   2 423 
A    =   1.22   mm  (.048   in) 0.81     .032 4.130 7.228 
1.07      .042 4.307 7.538 
1.35     .053 4.398 7.696 
1.65     .065 4.352 7.616 
7 ASTM A508  Class  2A 351 Loading 
0.13      .005 
3.885 x   10"9 
4.506 
6.795 x 10" 
7.885 
0.28      .011 4 .044 7.078 
A    =   0.97  mm  (.038   in) 
i   C 
0.51      .02 0 4.271 7.474 
0.64     .025 4.136 7.239 
0.76      .03 0 4.196 7.344 
0.89     .035 4.236 7.413 
a.04     . 041 4.359 7.628 
1.32      .052 4.356 




ASTM A598  Class  4 551 Loading 
0.13      .005 
7.613 x 10 
7.424 
A    not determined 0.41     .016 4.586 8.026 
0.66      .026 4.430 7.753 
0.91     .036 4.707 8.237 
1.14     .045 4.419 7.734 
1.50     .059 4.673 8,178 
58 
TABLE 10 




°F MPa/m    Ks i/in 
KJ 
MPa/m    Ksi/in 
ASTM A5 08 







37            34 




















70           63 
101            92 















ASTM A5 08 





























Temperature Relative to NDTT 
Fig. I   K,R Curve 
60 
Fig.2   Edge Crack in Semi Infinite Plate 
\~ 
61 



































Fig.5a Anticipated Curve 
0.2 h 
Spec. No. 423 
0.1 
Fig.5b Experimental Curve 
64 
Development of J vs Aa Curves 
Afl=0.2 
t 








FjgJBb  Anticipajed J-Aa Curve 
(a) 
Carbide structure at 500X in ASTM A508 Class 2 (4% picral 
etch, marker equals 20 ^). 
v







***' ^ w/ 
S; ^ 
Prior   austenitic   grain  boundaries   at   500X   in ASTM A508 
Class  2   (270 nital  etch  over  a  47o  picral  etch,   marker  equals 
2 0  n). 
Fig.   7  Photomicrographs   of ASTM A508  Class  2 
66 
(a) 
Carbide structure at 500X in ASTM A508 Class 2A (4% picral 
etch, marker equals 20 ^). 
(b) 
Prior austenitic grain boundaries at 500X in ASTM A508 
Class 2A (2% nital etch over 47» picral etch, marker equals 
20 p.). 
Fig. 8  Photomicrographs of ASTM A508 Class 2A 
 6 7 "" " 
"> 
(a) 
Carbide structure at 500X of ASTM A508 Class 4 (4% picral 
etch, marker equals 20 (j,. 
Prior austenitic grain boundaries at 500X in ASTM A508 
Class 4 (27o nital etch over 4% picral etch, marker equals 
20 y,). 
Fig. 9  Photomicrographs of ASTM A508 Class 4 
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Appendix, A Recommended Procedure for the Development 
of the Unloading Compliance Method to Measure Crack Extension 
The measurement of fracture toughness by general yielding frac- 
ture mechanics is dependent upon the detection of crack extension 
initiation.  Of the many methods that have been used to detect 
stable crack growth, the direct examination of crack extension 
1 o 
procedure proposed by Landes and Begley   is perhaps the least 
ambiguous in terms of interpretation and results.  The method has 
the considerable characteristic of requiring 4-6 specimens to make 
one determination of fracture toughness. While the unloading 
compliance method of detecting stable crack growth is a much more 
difficult measurement, it offers the distinct advantage of being 
able to determine the displacement at which crack extension initiates 
with one specimen.  This fact could result in considerable savings in 
machining costs over the techniques that require multiple specimens. 
The initial attempts at using unloading compliance to detect 
crack growth were not entirely successful, in that excessive scatter 
in the compliance computations obsured the initiation point.  Some 
of the problems contributing to the scatter included clip gauge 
linearity, sensitivity, and output recording. 
This Appendix is presented to recommend an experimental scheme, 
within the framework of the existing testing procedure proposed in 
reference (18), with which the problems experienced with the unload- 
ing compliance technique can be resolved. 
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Fracture toughness specimens would be prepared in accordance 
with reference 18.  The specimens would then be loaded onto the 
linear portion of the load displacement curve and unloaded by 1070 
for a determination of initial unloading compliance.  The specimen 
would then be loaded to the pre-determined displacement, and unloaded 
(again determining unloading compliance) for heat tinting, fracture 
at cryogenic temperatures, and visual examination for crack extension. 
In addition to producing the required information to generate a 
J vs Aa curve, this procedure would provide the investigator with 
the loading and unloading compliance at the original crack length, 
a, as well as the unloading compliance at the final crack length 
a + Aa.  The use of Equation (13) from the main text would provide 
a predicted Aa for comparison with the direct measurements. 
Use of this procedure would enable the investigator to: 
1. Develop the required instrumentation required for the 
unloading compliance technique while measuring fracture 
toughness values by the method of direct observation of 
crack extension. 
2. Mare easily refine the unloading compliance instru- 
mentation, since a concrete comparison of effective 
crack growth predicted by the unloading compliance 
and the actual crack extension could be made. 
3. Detect subtle correlations between the actual crack 
growth patterns observed and the effective crack growth 
measured by unloading compliance. 
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..* • 
Once the unloading compliance instrumentation has been refined, 
and the correlations between effective crack growth (measured by 
unloading compliance) and the actual crack growth (measured by 
direct observation) are understood, use of the unloading compliance 
technique will permit the single specimen determination of fracture 
toughness from the principles of general yielding fracture mechanics 
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